Abstract: Free-space optical (FSO) network is an effective way to enhance the interoperability and improve the resource utilization of the FSO communication systems. Since the structure is relatively simple and the nodes are not so many, wavelength conversion-based optical circuit switching (WC-OCS) is an appropriate candidate for the FSO network to solve the blocking problem. Meanwhile, format conversion to lower the data rate is also necessary in case the atmospheric channel deteriorates. In this paper, we construct a 3-node FSO network and experimentally investigate the feasibility of simultaneous WC-OCS and format conversion based on straight-lined single-pump four-wave mixing (FWM) process. The biterror-ratio (BER) results of the on-off key, binary phase-shift keying (BPSK), and quadrature phase-shift keying (QPSK) signals show that comparing to the corresponding back-to-back (B2B) transmission at the reference BER level of 10 −7 , power penalties caused by WC-OCS are less than 1-dB for all the three formats. In the format conversion experiment from QPSK to BPSK, the power penalties, comparing to the original BPSK signal after B2B and WC-OCS transmission, are also less than 1 dB at the 10 −7 reference BER level. Consequently the feasibility and practicability of the FWM-based optical signal processing at FSO network nodes are experimentally validated.
Introduction
Free-space optical (FSO) communication has attracted considerable attentions due to its unique advantages, such as large data capacity, license free and robustness to electromagnetic interference. These merits make FSO communication an appealing alternative to many applications, especially to inter-satellite and deep-space scenarios [1] - [4] . However, FSO communication requires line-of-sight (LOS) between the source and the destination, and the link reliability could be severely impeded by weather and atmospheric conditions. Therefore, constructing free-space optical network is an urgent demand since in the network, optical link may have several path choices to arrive at its destination. The capability of path detour in the FSO network will ensure the quasi-real time transmission of large capacity data even in the non-line-of-sight (NLOS) situations. This is very important in the time-sensitive applications, such as disaster response, maritime surveillance and security, where speed is of the essence [5] - [7] .
Considering that the structure of FSO network is relatively simple compared to the terrestrial network, and the primary mission is to guarantee the optical interconnection, no matter how the atmospheric conditions are and whether the LOS requirement is satisfied or not, wavelength conversionbased optical circuit switching (WC-OCS) at the network nodes is a promising way to improve the resource utilization and the efficiency of the FSO communication networks. By facilitating the full utilization of the bandwidth of laser carriers [8] , [9] , the WC-OCS can enhance the interoperability and reduce the blocking probability of the FSO network. Nevertheless, the FSO network requires the WC-OCS should be modulation format independent to support a wide diversity of missions, and also be capable of format conversion when the atmospheric channel conditions change [10] , [11] . Four-wave mixing (FWM) process in nonlinear fiber is preferentially selected to perform all the above mentioned operations because of its transparency to the bit rate and the modulation format [12] - [14] , as well as its capability of modulation formats conversion from M-ary PSK to M/2-ary PSK based on the inherent phase erasure effect [15] - [17] .
Meanwhile, the FWM process is naturally polarization sensitive, which means that its conversion efficiency (defined as the power ratio of the newly-generated frequency, namely idler, to the original signal) is strongly dependent on the relative angle of the polarizations between the interacting pump(s) and the signal wave(s). Thus efficient FWM typically requires a precise and active control of the states of polarization (SOP) of the relevant waves, which is a significant obstacle to overcome in a practical system. Since in a real FSO network, after long-haul transmission in the atmospheric channel and multiple handlings by various optical components, the SOP of the arriving signal couldn't keep always matched with the local pump wave(s). Hence the conversion efficiency (CE) of the FWM may fluctuate so randomly that the output powers of the FWM generated idlers would vary dramatically or even vanish. This will adversely affect the communication performance of the FSO network. To solve this conflict, various sophisticated polarization-insensitive FWM (PI-FWM) schemes have been proposed and demonstrated, such as orthogonal-polarization dual-pump [18] , [19] , parallel-polarization dual-pump [20] , [21] and polarization-diversity [22] . The orthogonal-or parallel-polarization dual-pump schemes need two pumps, while the SOP of each pump should be precisely controlled. Moreover, the wavelength-detuning among the original signal and the pumps are limited, and only specified idlers are polarization-insensitive, as demonstrated in Fig. 1 of Ref. [20] . The polarization-diversity scheme requires a loop configuration of the nonlinear medium, making the system configuration complex. Besides, the backscattering and the interference effect between the counter-transmitted waves in the loop could greatly degrade the performance of the PI-FWM system, which requires carefully adjustment to be avoided. Also it should be noted that the orthogonal-polarization dual-pump and the single-pump schemes only partly meet the phase preserving requirement since the converted idlers are phase conjugated to the original signal. Meanwhile the spectral order of the obtained idlers is inverted and mirror to the input order. These features are undesirable in some applications where the spectral order matters and phase conjugation should be avoided, such as optical label switching (OLS) [23] and optical orthogonal frequency-division multiplexing (O-OFDM) [24] . In these case, the dual-pump FWM should be adopted and the polarization insensitivity can be realized with the two pumps parallelized to each other [21] , [25] .
In this paper, we experimentally construct a 3-node FSO communication network. Based on the FWM effect in a highly nonlinear photonic crystal fiber (PCF), simultaneous WC-OCS and format conversion are intensively investigated. Single-pump FWM scheme is simple and sufficient in such a scenario. The polarization insensitivity of the FWM process is achieved through a straight-lined structure, where the single pump is launched at the 45
• angle to the birefringence axes of the PCF. The whole scheme is simple and free of optical interference. After 100-m free-space transmission and comparing to the back to back (B2B) transmission at the bit error ratio (BER) level of 10 −7 , power penalties caused by WC-OCS are less than 1 dB for on-off key (OOK), binary phase-shift keying (BPSK) and quadrature phase-shift keying (QPSK) signals. The conversion efficiencies are better than −16 dB, and the polarization dependences are lower than 0.6 dB. Format conversions from 10-Gbit/s QPSK to 5-Gbit/s BPSK are simultaneously performed, and similar performance of conversion efficiency and polarization dependence are obtained. Fig. 1 shows the operation principle of the single-pump straight-lined structure for PI-FWM. The birefringence axes in long fibers are randomized, while they can remain fixed over the entire physical length in PCF. That is because that PCF can exhibit high nonlinearity with relatively shorter length [26] . This feature is very helpful in the PI-FWM realization. Based on the reference x-y coordinate constructed by the birefringence axes of the PCF, the electric field of the idler A i , which is newly generated during the FWM process, can be expressed as [27] :
Operation Principle
where
is the x-axis components and A jy (j = p, s) is the y-axis components of the electric fields for pump (j = p ) and signal (j = s), separately. L is the length of the PCF, k = 2π| n s /λ s − n p /λ p | is the phase-mismatch with n the birefringence and λ the wavelength. As shown in Fig. 1 , when the polarization direction of the pump laser, adjusted by a polarization controller (PC), is launched at 45
• angle to the birefringence axes of the PCF, the equation |A p x | = |A py | is obtained. Meanwhile, if the wavelength-detuning between the pump and the signal |λ p − λ s | is moderately large to satisfy the requirement of L k/2 ≥ 2π, the sinc-terms in equation (1) will quickly approach to zero. Therefore, the photocurrent of the idler I i (t) can be finally expressed as:
where P p is the pump power. It is clear from equation (2) that after the above operations, the output idler of the WC-OCS is eventually no longer polarization dependent. Moreover in the single-pump FWM process, the electrical field of the two idlers E i s (idler-s) and E i p (idler-p) can be expressed as [16] :
where ω j , E j and φ j (j ∈ [s, p ]) are the angular frequency, the electrical field amplitude and the phase of the pump and the signal, respectively. The coefficients k j are constants proportional to the CE of the FWM process. When the original signal is M-ary PSK modulated, the output idler near signal (Idler-s in Fig. 1 ) cannot transparently preserve the phase information carried by the input signal. This is due to the phase erasure effect in the single-pump FWM process. The phase of the output idler-s φ i s is:
It is obvious from equation (5) that at the single-pump FWM output, the idler close to the signal can reduce the modulation order from M-ary to M/2-ary. Thus format conversion can be synchronously achieved by choosing the idler-s at the single-pump FWM output. When the atmospheric condition is not suitable for high-speed transmission of the laser signal, we can utilize the FWM-based format conversion to transmit half-rate optical signal, so that the reliable linkage of the FSO network can be ensured. Fig. 2 shows the experimental setup of the 3-node free-space optical network. The data transmitter (TX) is placed at the node 1. To generate a 5-Gb/s non-return-to-zero (NRZ)-OOK signal, the light from the continuous wave (CW) laser (TeraXion, PS-TNL) is modulated by a (2 15 − 1)-long pseudorandom binary sequence (PRBS, I(t)) through a standard Mach-Zehnder modulator (MZM, Fujtsu-FTM7938EZ). The modulator is operated at the quadrature point of its power transfer curve (PTC) with a peak-to-peak modulation of V π . The same setup can also generate a 5-Gb/s NRZ-BPSK signal by operating the MZM at the minimum point of its PTC through the bias controller (BC, BC-1), with a peak-to-peak modulation of 2V π . By modulating two (2 15 − 1)-long PRBSs (I(t) and Q(t)) onto the CW laser through a nested in-phase/quadrature modulator (IQM, EOSPACE, IQ-0D6K-25), a 10-Gb/s NRZ-QPSK signal can be generated, and the corresponding BC (BC-2) is used to guarantee the IQM be properly biased. The modulating data are offered by an arbitrary waveform generator (AWG, Tektronix 70002A).
Experimental Setup
At the node 2, the CW pump (Amonics, ATL-C-12-B-FA) and the received signal are firstly combined by a 3-dB coupler, and then be amplified by a high-power erbium-doped fiber amplifier (HP-EDFA, Amonics, AEDFA-33). The amplified pump and signal are subsequently fed into a 150-m high nonlinear dispersion-flattened PCF (NKT, NL·1550·POS·1). With the polarization direction adjusted by the polarization controller (PC2), the pump is launched at the 45
• angle to the birefringence axes of the PCF. The single-pump PI-FWM occurs with the WC-OCS and format conversion accomplished simultaneously. At the PCF output, the WC-OCS signal is extracted at the idler near the pump (idler-p) by tuning the central wavelength of the optical band-pass filter (OBPF1, Santec, OTF-930), while the format conversion signal is filtered by the OBPF1 at the idler near the signal (idler-s).
To evaluate the performances of the PI-FWM based WC-OCS and format conversion, corresponding data receivers for different modulation formats are placed at the node 3. High-gain EDFA (Keopsys, CEFA-HG-1550) and filter (OBPF2, Yenista, XTA-50) are shared by all the three formats before demodulation. The OOK signal is directly detected by a photo-detector (PD, u2t, XPDV2120R), while the BPSK signal is firstly demodulated by a 1-bit delay-line interferometer (DLI, Kylia, MINT-1550) and then detected by a balanced photo-detector (BPD, u2t, BPDV2125R). For the QPSK signal, the coherent detection with a local oscillator (LO) laser (Santec, MLS-2100), a 90°optical hybrid (Kylia) and two BPDs (u2t, BPDV2125RM) are employed. The analog-to-digital conversion (ADC) are performed by a high-speed oscilloscope (Tektronix, MSO 73304DX), and the captured data are then transmitted to a computer and handled by off-lined digital signal process (DSP) algorithms.
The FSO transmissions among the three nodes are completed by optical antennas (OZ Optics, HPUCO-23), of which the vital parameters, as well as the PCF's, are listed in Table 1 . 
Experimental Results and Discussion
The wavelength of the original signal is chosen at 1549.32 nm, and the eye-diagrams (Lecroy, SDA825Zi-A) of the generated OOK, BPSK and QPSK (Tektronix, TDS8200) signals are displayed in Fig. 3 . When the condition of the atmospheric channel is suitable for high-speed optical transmission, the signals from node 1 can be directly transmitted to the node 3. This is referred as back-to-back (B2B) transmission. The corresponding bit-error-ratio (BER) curves of the B2B transmission are demonstrated in Fig. 4 . For OOK and BPSK, the BERs are directly tested using a bit-error tester (Agilent, N4962BERT), while for QPSK, the detected data are sampled by a 4-channel digital oscilloscope with 33 GHz electrical bandwidth at 5 times over the QPSK data-rate. Then using the DSP algorithms, useful data are recovered from the oversampled points and the corresponding BER is calculated. At a given received optical power, the sampling operation repeats 250 times and the eventual BER is obtained by averaging the 250 calculated BERs. It can be concluded from Fig. 4 that taking the BER level of 10 −7 as the reference, the receiving sensitivities are −31.5 dBm for OOK (Fig. 4 (a) ), −45.2 dBm for BPSK (Fig. 4 (b) ) and −35.6 dBm for QPSK (Fig. 4 (c) ).
When the atmospheric condition between node 1 and node 3 is so poor that the reliable optical link couldn't be established, or the LOS requirement from node 1 to node 3 couldn't be satisfied (frequently encountered in high altitude platform-/airborne-/ LEO satellite-based FSO communication systems), the FSO network functions and the optical linkage of node1-node2-node3 can be established to ensure the large volume optical data be transmitted in time. Thus at the node2, the PI-FWM based WC-OCS processing is necessary to quickly delivery the optical date to the targeted wavelength-addressed destination. In the experiment, after 100-m FSO transmission, the original signal arrives at node 2 and then is attenuated to −12-dBm by VOA1 (EXFO, FVA-3150) before being coupled with the pump (1547.29 nm, −12-dBm attenuated by VOA2). The HP-EDFA amplifies the coupled two beams to 26-dBm and subsequently feed them into the 150-m PCF, where the FWM process occurs. By carefully adjusting the PC2 in Fig. 2 , the pump is launched at the 45
• angle to the birefringence axes of the PCF, ensuring the FWM process in the PCF is polarizationinsensitive. The measured optical spectrum (YOKOGAWA, AQ6370) at the PCF output is shown in Fig. 5(a) . By filtering the idler-p, the WC-OCS is achieved. With the pump wavelength tuned, the output idler wavelength changes accordingly and the optical data can be converted to different wavelength-addresses. To examine the polarization dependence, the SOP of the signal is scrambled through randomly adjusting PC1 as displayed in Fig. 5(b) (General Photonics, PSGA-101), in which every point on the Poincare sphere corresponds to a certain polarization state. The output optical power variation at different idler-p wavelengths are recorded in Fig. 5(c) . It can be seen that with the pump 45
• launched, the output optical power variation of the idler-p can be controlled below 0.6 dB, no matter how the input SOP of the signal changes. Meanwhile, the conversion efficiencies at different idler wavelengths are also measured, which keeps better than −16 dB as demonstrated in Fig. 5(d) .
To evaluating the WC-OCS performance, the filtered idler-p is then transmitted through another 100-m free-space to node 3. The BERs at different optical power (P i n 3 ) are recorded, and the corresponding BER curves are plotted in Fig. 6 . It can be seen that taking the BER level of 10 −7 as the reference and comparing to the B2B transmission, the power penalties caused by WC-OCS are less than 1 dB for all the three formats. These results validate that the single-pump straight-lined PI-FWM structure is an efficient method for power lossless WC-OCS in the FSO networks.
Meanwhile, by utilizing the non-transparency of the single-pump FWM process, format conversion from M-ary to M/2-ary (with data rate from R to R/2) can be realized at idler-s wavelengths. This is very useful when the condition of the atmospheric channel is not good enough to transmit the full-rate signals. Optical signal transmission at half-rate will effectively guarantee the reliable linkage of the FSO network. It is also helpful to enable the interconnection among neighboring networks in which different formats are deployed. At node 2, when arrived signal is QPSK and the idler-s is filtered at the output of the PCF, the format conversion from QPSK to BPSK with half-rate is obtained. The constellation diagrams (Tektronix, MSO 73304DX) of the original QPSK and the format converted BPSK are shown in Fig. 7(a) and Fig. 7(b) . Then the BER performance of the converted BPSK, after 100-m free-space transmission, is tested at the node 3. The corresponding BER curve is demonstrated in Fig. 7(c) . It is clear that at the reference BER level of 10 −7 , the receiving sensitivity of the converted BPSK signal is −44.4 dBm, demonstrating the reliability of the format conversion to halve the data-rate of the high-order PSK signals while keeping the satisfying BER performance. Subsequently the BER performances of the BPSK signal in three different scenarios, meaning that the B2B transmission, the WC-OCS and the format conversion, are compared. The corresponding BER curves are plotted in Fig. 7(d) . It can be found that at the reference BER level of 10 −7 , the receiving sensitivity of the B2B transmission is −45.2 dBm, which of the WC-OCS is −44.8 dBm and of the format conversion is −44.4 dBm, respectively. The comparison proves that after the format conversion, the obtained signal can maintain the robust quality to exhibit satisfactory BER property.
Conclusion
In this paper, we propose the adoption of WC-OCS and format conversion in the FSO networks to improve the resource utilization and efficiency. This is the first experimental research, to the best of our knowledge, on the employment of optical signal processing in a FSO communication network. A 3-node FSO network is established and simultaneous WC-OCS and format conversion are experimentally researched, based on the single-pump straight-lined PI-FWM process. The measured results of the WC-OCS experiments manifest that comparing to the B2B transmission, the WC-OCS signals suffer less than 1 dB power penalties at the reference BER level of 10 −7 . It is true for all the three formats, namely OOK, BPSK and QPSK. Meanwhile, the simultaneous format conversion from QPSK to BPSK, based on the non-transparent FWM process at idler-s wavelengths, is also performed. The experimental results indicate that comparing to the B2B and WC-OCS transmission, the format converted BPSK signal has nearly the same BER performance, proving the feasibility of the FWM-based format conversion to maintain the FSO linkage at half-rate whenever the atmospheric channel is not suitable for the full-rate transmission. The feasibility and practicability of the FWM-based WC-OCS and format conversion in the FSO network is experimentally validated in this paper. The proposed wavelength-address based networking scheme and the all-optical signal processing can ensure the connectability of the optical link whenever the direct-connection between the source-destination is interrupted, and enable the interconnection among neighboring networks where different formats are deployed.
